Nucleotide-based second messengers serve in the response of living organisms to environmental changes. In bacteria and plant chloroplasts, guanosine tetraphosphate (ppGpp) and guanosine pentaphosphate (pppGpp) [collectively named "(p)ppGpp"] act as alarmones that globally reprogram cellular physiology during various stress conditions. Enzymes of the RelA/SpoT homology (RSH) family synthesize (p)ppGpp by transferring pyrophosphate from ATP to GDP or GTP. Little is known about the catalytic mechanism and regulation of alarmone synthesis. It also is unclear whether ppGpp and pppGpp execute different functions. Here, we unravel the mechanism and allosteric regulation of the highly cooperative alarmone synthetase small alarmone synthetase 1 (SAS1) from Bacillus subtilis. We determine that the catalytic pathway of (p)ppGpp synthesis involves a sequentially ordered substrate binding, activation of ATP in a strained conformation, and transfer of pyrophosphate through a nucleophilic substitution (S N 2) reaction. We show that pppGpp-but not ppGpp-positively regulates SAS1 at an allosteric site. Although the physiological significance remains to be elucidated, we establish the structural and mechanistic basis for a biological activity in which ppGpp and pppGpp execute different functional roles. stringent response | (p)ppGpp | hydrogen-deuterium exchange mass spectrometry | alarmone | crystallography T he ability of living organisms to adapt their metabolism to nutrient limitation or environmental changes is of utmost importance to survival. The stringent response is a highly conserved mechanism that enables bacteria (1-3) and plant chloroplasts (4-6) to respond to nutrient (i.e., amino acid) limitations. However, recent work has indicated that guanosine tetraphosphate (ppGpp) and guanosine pentaphosphate (pppGpp) [collectively named "(p)ppGpp"] also impact other, nonstringent response processes such as virulence (7-9) as well as persister (10, 11) and biofilm formation (12). Realization of the importance of (p)ppGpp has also opened new avenues for the design of antimicrobial agents (13, 14) .
T he ability of living organisms to adapt their metabolism to nutrient limitation or environmental changes is of utmost importance to survival. The stringent response is a highly conserved mechanism that enables bacteria (1) (2) (3) and plant chloroplasts (4) (5) (6) to respond to nutrient (i.e., amino acid) limitations. However, recent work has indicated that guanosine tetraphosphate (ppGpp) and guanosine pentaphosphate (pppGpp) [collectively named "(p)ppGpp"] also impact other, nonstringent response processes such as virulence (7) (8) (9) as well as persister (10, 11) and biofilm formation (12) . Realization of the importance of (p)ppGpp has also opened new avenues for the design of antimicrobial agents (13, 14) .
Central to these processes is the synthesis of two alarmones, pppGpp and ppGpp, which globally reprogram the transcription and translation associated with a variety of cellular processes (summarized in refs. 9 and 15) and which also control the elongation of DNA replication (16) . Until now, both alarmones have been collectively named "(p)ppGpp," because knowledge of their individual roles remained mysterious. Only recently has a study indicated that either alarmone might execute disparate biological functions (17) .
Alarmone synthesis is carried out by synthetases of RelA/SpoT homology (RSH) (18) that catalyze the transfer of pyrophosphate (β-, γ-phosphates) from ATP to the ribose 3′-OH of GDP or GTP to synthesize ppGpp or pppGpp, respectively. An in-depth analysis of the catalytic mechanism for this reaction is currently not available. Only one structure describes the GDP-bound state of an RSH synthetase domain, bearing remarkable similarity to members of the nucleotidyltransferase superfamily (19) . However, no other structural details relevant to the catalytic mechanism of alarmone synthetases, such as the relative location of either substrate in the active site, are available.
To our knowledge, three types of alarmone synthetases, differing in length and domain composition, have been identified, RelA and the small alarmone synthetases 1 (SAS1) and 2 (SAS2) (Fig. 1A) . Best understood is the RelA protein, which senses amino acid starvation during the stringent response by detecting ribosomes blocked by cognate, uncharged tRNAs at the A-site (20, 21) . RelA's synthetase activity is stimulated upon binding to stalled ribosomes, and alarmone synthesis decreases the affinity of this binding. Besides a 40-kDa C-terminal domain that is involved in ribosome binding (21) , RelA from Bacillus subtilis also contains an N-terminal hydrolase domain that recycles (p)ppGpp by removing the 3′-diphosphate moiety to generate GDP or GTP (Fig. 1A) . Both the synthetase and hydrolase domains of RelA are regulated in a reciprocal manner, ensuring inverse coupling of the opposing activities (19, 22, 23) . The recently identified alarmone synthetases SAS1 (synonyms: YjbM and RelQ) and SAS2 (synonyms: YwaC and RelP) (24) (25) (26) (27) share high sequence identities of 20-30% with RSH proteins in their synthetase domains (18) . However, the absence of the hydrolase and C-terminal domains found in RelA (Fig. 1A) obscures their functional roles in the living cell.
Here, we present the biochemical and structural analysis of the small alarmone synthetase SAS1 that forms a homotetramer including the crystal structures of its apo-, α, β-methyleneadenosine 5′-triphosphate (AMPCPP)-, and pppGpp-bound states. Our analysis suggests a plausible model of the catalytic mechanism of alarmone synthesis. Moreover, we show by biochemical and structural means that SAS1 is allosterically activated by pppGpp in a cleft formed by the homotetramer. We discuss the physiological implications of this allosteric regulation.
Significance
The alarmones guanosine tetraphosphate (ppGpp) and guanosine pentaphosphate (pppGpp) [collectively named "(p)ppGpp)"] are important for the adaptation of bacteria and plant chloroplasts to a variety of environmental stress conditions. Their synthesis is carried out by (p)ppGpp synthetases. We delineate the catalytic mechanism of (p)ppGpp synthesis by oligomeric and highly cooperative small alarmone synthetase 1 (SAS1) at atomic resolution. Our structural and biochemical analysis shows that only pppGpp-but not ppGpp-positively affects the activity of SAS1. To our knowledge, this is the first molecular description of a biological activity in which pppGpp and ppGpp execute different functional roles.
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Results
The Crystal Structure of the Small Alarmone Synthetase SAS1 Reveals a Homotetramer. Because SAS1 (and its highly conserved counterpart SAS2) lacks the regulatory domains of RelA (Fig. 1A) , we reasoned that it might possess other, thus far unknown, features allowing SAS1 to be regulated. Interestingly, although RelA was shown to function as a monomer, biochemical and biophysical analysis of SAS1 revealed that the purified protein forms homotetramers (Fig. S1A) . To understand the architecture of SAS1 and to compare it with RelA, we determined the crystal structure of SAS1 at 1.86-Å resolution (Table S1 ). The enzyme crystallized as a symmetric, oval-shaped homotetramer (Fig. 1B) . Intriguingly, the tetramer contains a central cleft that appears to be of functional relevance (see below). Primarily hydrogen bonds and salt bridges stabilize the medial sides of the tetramer in an interface of ∼1,100 Å 2 . The lateral sides of the tetramer are formed exclusively by helices α4 and α5 in an interface of ∼1,220 Å 2 , consisting chiefly of polar contacts.
SAS1 and the synthetase domain of RelA [RelA-Syn; Protein Data Bank (PDB) ID code 1VJ7, residues 197-371 (19) ] share sequence identities of 23.5%, and their structures superimpose well with an rmsd of 1.6 Å over 78 Cα atoms, revealing a conserved domain core (Fig. 1C and Fig. S1B ). SAS1 and RelA-Syn share the antiparallel β-strands β1-β5 as well as the surrounding helices α1, α2, α3, and a fraction of α4 [named β3-β7 and α12-α15, respectively, in RelA (19) ]. Residues involved in substrate binding and catalysis are conserved between the synthetase domains of SAS1 and RelA (Fig. S1B) . In RelA, α12 (α1 in SAS1) is preceded by another helix (α11) that establishes the connection to the hydrolase domain (Fig. 1C) . In SAS1, helix α1 (α12 in RelA) is important for the formation of the medial side of the homotetramer and marks the beginning of the protein (Fig. 1B) . The orientation of α2 [α13 in RelA-Syn (19) ] differs in the structures of SAS1 and RelA-Syn by ∼30°. Notably, α13 of RelA-Syn contacts α11 and α10, which mark the end of the hydrolase domain. In SAS1, the α2 helices appear at the surface of homotetramer. For RelA, these elements have been indicated as important for switching the opposing RelA hydrolase and synthetase activities (19) .
Another major difference between SAS1 and RelA-Syn comprises the C-terminal helices α4 and α5 of SAS1. Although the N-terminal fraction of α4 (α15 in RelA-Syn) is conserved between SAS1 and RelA-Syn, α4 of SAS1 is elongated by two turns and forms a helical hairpin with α5 that is absent in RelA-Syn. Helices α4 and α5 of SAS1 form the lateral side of the homotetramer interface (Fig. 1B) . The structure of RelA-Syn ends with α16 (which has no equivalent in SAS1) and proceeds into the as yet structurally unresolved C-terminal part of RelA that is involved in ribosome binding (21) .
SAS1 Binds Its Substrates in an Ordered Sequence During Alarmone
Synthesis. Despite intensive research on alarmone synthetases, the catalytic mechanism and structural basis of alarmone synthesis has not been widely addressed. To examine these properties, we first aimed at defining the binding sequence of the substrates ATP and GDP or GTP. We used hydrogen-deuterium exchange (HDX) mass spectrometry, which allows rapid detection of changes within SAS1 upon binding of substrates. Specifically, SAS1 was incubated with GDP, GTP, or the nonhydrolysable ATP analog AMPCPP. After completion of the HDX-labeling reaction, SAS1 was digested with pepsin, and the peptic peptides were analyzed by electrospray ionization-mass spectrometry. Although no effects could be detected in the presence of either GDP or GTP, incubation with AMPCPP led to a significantly decreased HDX of ∼15% for the R2 region and ∼4% for the R3 region of SAS1, both located within its putative active site (Figs. 1A and 2 A and B and Figs. S1B and S2). This result suggests that ATP should bind to SAS1 before GDP or GTP. To support this finding, we next incubated SAS1 with either GDP or GTP and AMPCPP. The presence of both substrates (i.e., AMPCPP and GDP or GTP) induced a decrease in HDX of 4% (R2) and 2-3% (R3) compared with AMPCPP alone ( Fig. 2 A and B and Fig. S2 ). Taken together, our data suggest that SAS1 binds its substrates in an ordered sequence: first ATP and then GDP or GTP (Fig. 2C ).
The Catalytic Mechanism of Alarmone Synthesis. Next, we wanted to determine the structural basis for substrate binding. We obtained crystals of the ATP-bound state of SAS1 (mimicked by AMPCPP) that diffracted to 2.8-Å resolution. After phasing by molecular replacement (MR) with SAS1 (this study) as a search model (Table  S1 ), we observed density in the active site that could be assigned unambiguously to AMPCPP ( Fig. S3 A and B) . AMPCPP is tightly bound to SAS1 through its interaction with residues from two highly conserved elements, E1 and E2. E1 can be defined as GR(V/P)KxxxS, and E2 can be defined as DIA(G/A)LR ( Fig. 2D and Fig. S1B ). Arg46 and Arg77 from E1 and E2, respectively, sandwich the adenine base of AMPCPP through π-stacking interactions (Fig.  2D ). The phosphate moieties of AMPCPP are found in an unusually tense conformation, bent toward the adenine base. Arg46 (E1) contributes not only by caging the adenine ring but also by interacting with the ribose oxygen and the α-phosphate of AMPCPP. The conformation of the β-and γ-phosphates is stabilized primarily by a magnesium ion that also is coordinated by Asp72 of E2. Furthermore, the negative charge of the γ-phosphate is neutralized in a positively charged pocket formed by Lys48 (E1), Lys56, and Arg59 (Fig. 2D) . AMPCPP is in a tense, U-shaped conformation that prepares the nucleotide to donate its β-and γ-phosphates (as pyrophosphate) to the 3′-OH group of the ribose of GDP or GTP. However, crystallization of SAS1 bound to nonreactive AMPCPP and GDP or GTP appeared to be critical, most likely because of the sequentially ordered substrate binding mechanism that prevented stable attachment of the second substrate (see above).
To model the catalytic mechanism of alarmone synthesis, we superimposed the structure of the AMPCPP-bound state of SAS1 (this study) and the proposed hydrolase-OFF/synthetase-ON, GDP-bound state of RelA-Syn [PDB ID code: 1VJ7, chain A (19) ]. The synthetase domains of both structures including the catalytically relevant motifs superimpose well, with an rmsd of 1.6 Å over 78 Cα atoms, allowing a convenient estimation of the relative location of GDP and AMPCPP within the active site (Fig. 2E) . To our surprise, the GDP and AMPCPP nucleotides were arranged so that pyrophosphate transfer could occur immediately. In our structural superimposition, the distance between the 3′-OH group of GDP and the β-phosphate of AMPCPP is ∼3 Å. The arrangement of both substrates in our model would offer an elegant way for (p)ppGpp synthesis by SAS1 to occur. The close proximity of the 3′-OH group of GDP and the β-phosphate of ATP allow an immediate in-line attack of the β-phosphate moiety ATP by the 3′-OH group of GDP or GTP. Activation of the 3′-OH group is achieved by at least partial deprotonation resulting from its close proximity to the magnesium ion coordinating the β-and γ-phosphates of ATP; furthermore, Glu139, located in the conserved element 3 (E3: EIQIRT; Fig. S1B ) may serve as a general base. Thus, the activated 3′-O − group can attack the positively polarized β-phosphate via a second-order nucleophilic substitution (S N 2) ( Fig. 2 E and F) . To solidify our findings, we mutated Arg46 (E1) and Glu139 (E3) to glycine and valine, respectively, and measured the ability of SAS1 to catalyze alarmone synthesis. Although both SAS1 variants formed tetramers as wild-type SAS1, no synthesis of either ppGpp or pppGpp was observed (Fig. S3 C and D) .
Next, we performed HDX with the catalytically inactive variants of SAS1 to probe their ability to bind ATP (mimicked by AMPCPP). Interestingly, neither variant showed decreased deuterium incorporation upon incubation with AMPCPP as we observed for the wild-type protein (see above and Fig. S4 ), indicating that the catalytic deficiency of both SAS1 variants arises from an impaired ability to bind ATP. Taken together, our structural and biochemical analysis delineates the catalytic mechanism of (p)ppGpp synthesis (Fig. 2F) . We conclude that alarmone synthetases arrange their substrates in a near-attack (or "pretransition state") conformation to foster synthesis and stabilize transition state geometry during catalysis.
Alarmone Synthesis in SAS1 Proceeds in a Highly Cooperative Manner.
Previous experiments suggest that SAS1 synthesizes ppGpp from GDP more efficiently than pppGpp from GTP ( Fig. S3D) (25, 28) . To understand this phenomenon in greater detail, we performed an in-depth kinetic analysis of SAS1 (Fig. 3A) . We determined the velocity (v) of ppGpp and pppGpp synthesis at varying concentrations of GDP or GTP, respectively, and a constant concentration of ATP (i.e., 5 mM). In both cases, we observed a sigmoidal v/S characteristic of positive cooperativity among the four monomers of the SAS1 tetramer (Fig. 3A and Fig. S5) , also reflected by the Hill coefficients of 3.0 ± 0.3 and 2.0 ± 0.1 for ppGpp and pppGpp, respectively. Although the K m values differ only slightly (i.e., 1.7 ± 0.1 mM and 1.2 ± 0.1 mM for GDP and GTP, respectively), the maximal velocity (V max ) values show an ∼3.5-fold difference, reflecting earlier observations (see above).
pppGpp Allosterically Regulates SAS1. Because our structural analysis did not provide a plausible explanation as to why SAS1 synthesizes ppGpp more efficiently than pppGpp, we crystallized SAS1 in the presence of ATP and GTP. Crystals were obtained after ∼1 wk and diffracted to 2.94-Å resolution. After phasing by MR with SAS1 (this study) as a search model (Table S1 ), activesite density could be assigned unambiguously to the pppGpp reaction product (Fig. 3B and Fig. S6A ), further supporting the role of SAS1 as an alarmone synthetase.
To our surprise, we also observed significant, unassigned density in the cleft formed by the four SAS1 monomers. Two additional pppGpp molecules, tightly coordinated within the cleft, could be unambiguously modeled into this density (Fig. 3B and Fig. S6B ). Specificity for the guanine nucleotide is established by the interaction of the N2 amino-and O6 keto-groups with Glu41 and Asn148, respectively (Fig. 3C ). Because these residues are located on different monomers, specificity for the allosteric pppGpp is possible only in the context of a tetramer. The guanine base is stabilized further by π-stacking interactions with Phe42. The 2′-OH group of the ribose interacts with Thr44. The α−e phosphates of the allosteric pppGpp are sequestered in a positively charged cage comprising Lys21, Lys25, and Arg28, which are provided by two monomers with pseudorotational symmetry. In conclusion, the SAS1 tetramer provides a cleft into which two pppGpp molecules can be tightly coordinated.
Our observation raises the question whether the pppGpp bound into the cleft of the SAS1 homotetramer might affect the activity of SAS1 (e.g., as an allosteric regulator). Therefore, we measured ppGpp and pppGpp synthetase activities in the presence of increasing amounts of either ppGpp or pppGpp. For this purpose, ppGpp and pppGpp were enzymatically produced by SAS1 and prepared to purities of 98% and 95%, respectively. The alarmone pppGpp stimulated the catalytic activity of SAS1 more efficiently than ppGpp (∼10-fold) at the lowest concentration tested (12.5 μM) (Fig. 3 E and F) .
If binding of pppGpp stimulates synthesis, it is not clear whether the functional binding is between the subunits or if binding occurs in one active site that then stimulates synthesis at the other active sites. To discriminate between these scenarios, we measured the (p)ppGpp synthesis of SAS1 variants that should ablate binding of pppGpp between the SAS1 subunits (i.e., K25A, F42A, and N148G, Fig. 3C ). Although these variants form homotetramers (Fig. S7A) , they did not respond to pppGpp at a concentration of 12.5 μM, at which wild-type SAS1 is stimulated 10-fold (Fig. S7B) . Therefore, pppGpp bound into the cleft of the SAS1 homotetramer acts as an allosteric regulator.
Our structural analysis also shows that the γ-phosphate moiety of pppGpp (which is not present in ppGpp) establishes further contact with the amino acid residue Lys25 of SAS1 (Fig. 3C) . This additional contact might allow much stronger binding of pppGpp than of ppGpp. Our HDX experiments support this notion, because we observe significant stabilization of three regions of SAS1 that contain residues involved in its interaction RelA (Syn; green/gray), SAS1 (blue), and SAS2 (blue) represent the three synthetases that establish the ppGpp (orange ball) and pppGpp (yellow ball) pools in B. subtilis. RelA detects amino acid starvation at the ribosome (dark yellow) via its C terminus (C) but also provides the only (p)ppGpp degrading activity known so far via its hydrolase domain (HD). Synthetase and hydrolase activities of RelA are mutually exclusive. SAS1 is positively regulated by pppGpp via an allosteric site in the center of its homotetrameric structure. Whether SAS2 is regulated in a way similar to SAS1 but by an unknown effector (blue balls) remains to be shown.
with the allosteric pppGpp (Fig. 3D ) Stabilization of these peptides in the regulatory cleft of SAS1 with pppGpp but not ppGpp occurs at concentrations as low as 12.5 μM (Fig. 3D and Fig. S6 C-E) . Therefore, it is not surprising that ppGpp also can stimulate SAS1 activity to a certain degree (Fig. 3 E and F) . However, the minor stimulation of SAS1 by ppGpp becomes visible only at concentrations that are nonphysiological under nonstringent response conditions (29, 30) . These experiments demonstrate that pppGpp-but not ppGpp-acts as a positive effector of the SAS1 enzyme through its ability to bind the regulatory cleft of the SAS1 tetramer.
Discussion
The Catalytic Mechanism, Cooperativity, and Allostery of Alarmone Synthesis. Synthesis of (p)ppGpp is carried out by synthetases of the RSH type (18) , which catalyze the transfer of pyrophosphate from ATP to the ribose 3′-OH of GDP or GTP. A detailed understanding of the catalytic mechanism of this reaction was missing until now. We define the catalytically relevant motifs (E1-E3) required for substrate binding and activation during alarmone synthesis. In particular, our biochemical analysis shows that SAS1 binds its substrates in a sequential and ordered manner initiated by ATP and followed by GDP or GTP (Fig.  2C) . Binding of ATP to SAS1 forces the nucleotide into a tense, U-shaped conformation that apparently is necessary to donate the β-and γ-phosphates to the ribose 3′-OH group of GDP (or GTP). Interestingly, such an unusual conformation also has been observed in aminoacyl-tRNA synthetases that use ATP to activate amino acids for subsequent transfer to tRNAs (31, 32) .
When loaded with ATP, SAS1 can bind GDP or GTP to assume a near-attack conformation immediately with both substrates in a pretransition state geometry. In this configuration, the β-phosphate of the tense ATP is positioned in ideal proximity to the 3′-OH group of GDP or GTP. However, the 3′-OH group of GDP or GTP is by itself a rather unreactive species that requires activation via deprotonation, enforced by Glu139 and a magnesium ion. Similar activation of hydroxyl groups has been observed in hydroxymethylpterin pyrophosphokinases (HPPKs) (33) . Taken together, these observations show that alarmone synthetases position their substrates in a geometry ideal for catalysis. In this configuration, the tense conformation of ATP resembles a loaded spring that is released upon nucleophilic attack of the deprotonated 3′-OH group of GDP or GTP.
Although RelA is catalytically active as a monomer, the small alarmone synthetase SAS1 assembles into a homotetramer. The four subunits of SAS1 display highly cooperative behavior (indicated by the sigmoidal v/S and the Hill coefficient), underlining the functional significance of the homotetramer (see below). The oval-shaped SAS1 homotetramer also contains a central cleft. Our biochemical and structural analyses demonstrate that this cleft provides binding sites for two pppGpp (but not ppGpp) molecules. These molecules serve as allosteric activators that facilitate the synthesis of (p)ppGpp by SAS1. In summary, the action of SAS1 relies on two interconnected but distinct features of the homotetramer: (i) cooperativity of the active sites and (ii) allosteric regulation by pppGpp but not by ppGpp. These intricate features provide the basis for the synthesis of and differential regulation by the two similar (but not identical) alarmones, ppGpp and pppGpp.
Functional Meaning of pppGpp-Dependent Activation of SAS1. Our data raise two questions: What is the physiological significance of alarmone synthesis at SAS1 being stimulated efficiently by pppGpp but not by ppGpp, and what is the source of the stimulating pppGpp? A simple view is that production of pppGpp by SAS1 leads to an autostimulation of its own activity. In this case, SAS1 would be dependent only on the availability of GTP and GDP substrates characterized by a cellular GTP/GDP ratio of ∼90%/10% (or 5/0.5 mM) under healthy conditions (34) . Therefore, SAS1 will produce primarily pppGpp rather than ppGpp simply because GTP is in large excess. This basal alarmone synthesis should be cleared efficiently by the RelA hydrolase activity that exceeds SAS1 activity (23) . If so, the SAS1 stimulating pppGpp should originate from another alarmone synthetase (i.e., RelA and SAS2). Amino acid starvation is detected by RelA, which senses the availability of amino acids through the presence of uncharged tRNAs at the ribosome (20) . Detection of stalled ribosomes by RelA leads to the synthesis of alarmones but also inhibits their hydrolysis, because RelA activities are mutually exclusive (Fig. 3G) (19, 23) . If a stringent response occurs when cellular GTP is in great excess of GDP, RelA will produce primarily pppGpp. This pppGpp can allosterically stimulate SAS1 activity, which in turn would amplify the alarmone signal of RelA during amino acid starvation. However, RelA cannot detect an increase in cellular GDP levels that might occur independently of amino acid starvation. In contrast, SAS1 could use the enlarged pool of GDP as a substrate for ppGpp synthesis. Our data show that SAS1 is much more efficient in producing ppGpp even in the absence of stimulating pppGpp. Under these conditions, SAS1 should be able to produce more ppGpp than could be cleared efficiently by the RelA hydrolase (23) . In this way, cells would be able to integrate different stress types (i.e., amino acid starvation by RelA/SAS1 and energy imbalance by SAS1) at the level of ppGpp and pppGpp synthesis. This idea also is supported by the observation that the stringent response seems to be linked to the cellular energy state, because decreased GTP levels render B. subtilis more capable of surviving amino acid starvation, albeit at lower growth rates (35, 36) . Both events are closely connected to ppGpp and pppGpp, which also inhibit multiple enzymes for GTP biosynthesis (35, 37, 38) . Furthermore, these data strongly indicate that pppGpp and ppGpp execute different biological functions. Cashel and coworkers (17) came to similar conclusions in Escherichia coli, where pppGpp is less potent than ppGpp with respect to growth rate regulation or ribosomal P1 promoter transcription. Nevertheless, further studies are required to dissect the individual physiological roles of ppGpp and pppGpp.
Interestingly, another small alarmone synthetase, SAS2, has been implicated in mediating tolerance against cell envelope stress and blocking translation via ribosome hibernation in Staphylococcus aureus and B. subtilis, respectively (24, 39) . Our sequence alignments suggest that SAS2 forms a tetramer with architecture similar to that of SAS1; however, the amino acid residues required for allosteric binding of pppGpp to SAS1 are replaced by a different set of conserved residues in SAS2 (Fig.  S8) , indicating that alarmone synthesis by SAS2 might be regulated by an allosteric effector other than pppGpp. In this case, another signal could be integrated into the global alarmone pool through differential regulation of SAS2. Future studies should investigate the chemical nature of that putative allosteric ligand. In conclusion, our study provides an in-depth molecular understanding of the complex framework of alarmone synthesis and its potential role in communicating fundamentally different stress signals through two similar but not identical alarmones.
Materials and Methods
All experiments are described in detail in SI Materials and Methods.
Protein Purification. Proteins were produced in E. coli BL21 (DE3) and were purified in a two-step protocol consisting of Ni-ion affinity and size-exclusion chromatography (SEC). The SEC buffer was composed of 20 mM Hepes·Na (pH 7.5), 200 mM NaCl, 20 mM KCl, and 20 mM MgCl 2 .
Crystallization and Structure Determination. Crystallization was performed as detailed in SI Materials and Methods. Data were collected at the European Synchrotron Radiation Facility (ESRF) and were processed with XDS (40) and CCP4-implemented SCALA (41) . Structures were determined by MR using ccp4-implemented Phaser (41) . The search models were a truncated version of RelA [PDB ID code: 1VJ7 (19) ] for apo SAS1 and the structure of apo-SAS1 (this study) for all nucleotide-bound states of SAS1. Structures were built on Coot (42) and refined with Phenix (43) . Figures were prepared in PyMOL.
HDX Mass Spectrometry. Purified SAS1 was preincubated with or without nucleotides for 5 min at 37°C and diluted 10-fold in deuterated buffer. HDX was stopped after different incubation times (i.e., 15/30/60/600 s) by the addition of ice-cold quench buffer (pH 2.2). Peptic peptides were generated by an online pepsin column and separated by reversed-phase HPLC. Data were analyzed using the ProteinLynx Global Server (PLGS) and DynamX 3.0 software (Waters). HDX raw data are available on request.
Activity Assays. Kinetic analysis of SAS1 and activation of SAS1 by pppGpp was carried out at 37°C and stopped by flash-freezing in liquid nitrogen. Samples were subjected to HPLC measurement using an Agilent 1100 Series system (Agilent Technologies) and a C18 column (EC 250/4.6 Nucleodur HTec 3 μm; Macherey-Nagel). Running buffers contained 50 mM KH 2 PO 4 and K 2 HPO 4 each and 10 mM tetrapentylammonium bromide (TPAB). Nucleotides were separated using a gradient up to 90% (vol/vol) acetonitrile at a flow rate of 0.8 mL/min. The reaction products were detected at a wavelength of 260.8 nm in agreement with standards. Allosteric effects of (p)ppGpp on SAS1 activity were measured by HPLC. To discriminate between (p)ppGpp that was added before the reaction and (p)ppGpp synthesized by SAS1, the amount of AMP product released equimolar to the (p)ppGpp product was quantified.
Preparation of ppGpp and pppGpp. (p)ppGpp was produced enzymatically using SAS1, ATP, and GDP or GTP. After chloroform precipitation of SAS1, nucleotides were separated by anion-exchange chromatography. (p)ppGpp was precipitated by lithium chloride and washed with ethanol. Purity was controlled by analytical HPLC.
